FOR OSMOREGULATING vertebrates, diffusive water loss is an unavoidable consequence of living in seawater. Marine teleost fish drink seawater to offset this diffusive water loss dictated by the steep osmotic gradient between blood and the surrounding seawater, a water loss occurring mainly across the gills. Imbibed seawater is processed along the gastrointestinal tract by desalinizing the medium in the esophagus to allow for solute-coupled water absorption in the intestine (5). Fluid absorption across the intestinal epithelium is intimately linked to NaCl absorption via Na ϩ -K ϩ -2Cl Ϫ and Na ϩ Cl Ϫ cotransporters as well as Cl Ϫ /HCO 3 Ϫ exchange and renders the divalent ions, Mg 2ϩ and SO 4 2Ϫ , highly concentrated in the intestinal fluids (6). The NaCl gain associated with intestinal water absorption combines with diffusive NaCl gain across the respiratory epithelium to a need for active NaCl secretion across the gill. It has long been recognized that this active NaCl secretion occurs via basolateral NKCC and apical CFTR-like Cl Ϫ channels facilitating transcellular Cl Ϫ secretion to which paracellular Na ϩ secretion is coupled (2). Thus, many aspects of NaCl and osmotic homeostasis in marine teleosts are understood, although details of regulation of these processes remain to be examined. In contrast, little is known about the transporters involved in the homeostasis on the major divalent ions in seawater, Mg 2ϩ and SO 4 2Ϫ . Sulfate concentrations in marine teleost fish blood rarely exceed 1 mM, despite ambient SO 4 2Ϫ concentrations of 30 mM in seawater and levels as high as 150 mM in intestinal fluids (9). In light of these substantial gradients, especially across the intestinal epithelium, intestinal uptake of Mg 2ϩ and SO 4 2Ϫ is relatively modest (3) but nevertheless must be compensated for. It has long been recognized that Mg 2ϩ and SO 4 2Ϫ homeostasis is achieved by renal elimination with urine SO 4 2Ϫ concentrations reaching 80 mM (11), although the mechanisms of secretion have remained unknown (9).
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. Sulfate concentrations in marine teleost fish blood rarely exceed 1 mM, despite ambient SO 4 2Ϫ concentrations of 30 mM in seawater and levels as high as 150 mM in intestinal fluids (9) . In light of these substantial gradients, especially across the intestinal epithelium, intestinal uptake of Mg 2ϩ and SO 4 2Ϫ is relatively modest (3) but nevertheless must be compensated for. It has long been recognized that Mg 2ϩ and SO 4 2Ϫ homeostasis is achieved by renal elimination with urine SO 4 2Ϫ concentrations reaching 80 mM (11) , although the mechanisms of secretion have remained unknown (9) .
A recent study by Kato et al. (7) addressed the mechanisms of renal SO 4 2Ϫ secretion in teleosts fish by elegantly combining a screening approach of the complete genome for the tiger pufferfish (Takifugu rubripes) with high phenotypic plasticity of the closely related euryhaline mefugu (T. obscurus) (7) . Based on sequence information from Takifugu, fragments of all known possible SO 4 2Ϫ transporters of the Slc13 and Slc26 families from the euryhaline mefugu were cloned. Subsequently, the ability of mefugu to acclimate to freshwater as well as seawater by transcriptional changes of individual transporters was used to identify transporters putatively involved in SO 4 2Ϫ secretion. The expectation of the team lead by Hirose and Romero (7) was that transfer of fish from freshwater, with little demand for renal SO 4 2Ϫ secretion, to seawater, where renal SO 4 2Ϫ is much increased, would be accompanied by increased transcription of SO 4 2Ϫ transporters. The expression of the Slc26a6 paralog (mfSlc26a6A) was greatly elevated following transfer of mefugu from freshwater to seawater pointing to this anion exchanger as an important component of renal sulfate secretion. As are many of the Slc26 members, mfSlc26a6A is rather promiscuous with respect to substrate selectivity (12) , but as demonstrated by oocyte expression studies, clearly is an effective electrogenic SO 4 2Ϫ transporter eliciting a strong SO 4 2Ϫ current. The SO 4 2Ϫ transport capacity of mfSlc26a6A is much stronger than those of the mfSlc26a6B isoform and the mouse Slc26a6 paralog (mSlc26a6), further pointing to a role for mfSlc26a6A in renal SO 4 2Ϫ secretion. Encouraged by these findings Kato et al. (7) used an mfSlc26a6A specific antibody to reveal that the mfSlc26a6A protein is present in the apical brush-border region of the proximal tubule, a renal tubule segment involved in SO 4 2Ϫ secretion.
Marine teleost urine is rich in SO 4 2Ϫ (ϳ75 mM) and relatively low in Cl Ϫ (ϳ25 mM) (11) , which may appear to be adverse conditions for SO 4 2Ϫ secretion via SO 4 2Ϫ /Cl Ϫ exchange. However, Kato et al. (7) completed their study by demonstrating that the electrogenic mfSlc26a6A (net negative charge export), which is powered by the apical membrane potential, occurs in oocytes at high activity even with extracellular SO 4
and Cl Ϫ concentrations approaching in vivo conditions for the promixal tubule (48 and 20 mM, respectively). A transport model for SO 4 2Ϫ in the proximal tubule is proposed to involve a basolateral Slc26a1 allowing for cellular SO 4 2Ϫ uptake from the extracellular fluids in exchange for HCO 3 Ϫ reabsorption and basolateral Na ϩ -K ϩ -ATPase, which, in part, is responsible for establishing the membrane potential fueling SO 4 2Ϫ /Cl Ϫ exchange by apical mfSlc26a6A.
Considering that marine teleost fish in general have very low glomerular filtration rates, which are matched by urine flow rates (no net fluid absorption), the high SO 4 2Ϫ concentrations in the final urine of these vertebrates are the product of secretion (9), which, based on the study by Kato et al. (7), is likely mediated by mfSlc26a6A at least in mefugu.
The report by the group lead by Hirose and Romero (7) is an excellent example of the power and utility of comparative physiology and application of the August Krogh principle (1). The teleostian group represents the majority of vertebrates and is found across a wide range of environments and thus display adaptations to extreme conditions with respect to temperature, pH, salinity, and oxygen availability. Furthermore, many species, like the subject of study by Kato et al. (7), show remarkable phenotypic plasticity and rapid acclimation to changing conditions. These qualities now combine with genomic and expressed sequence information for a number of species to provide a very powerful tool for the study on physiological processes in fish and vertebrates in general.
As any good study, the study by Kato et al. (7), while likely identifying the renal transporter responsible for SO 4 2Ϫ secretion, raises a number of interesting questions. First, considering the involvement of basolateral SO 4 2Ϫ /HCO 3 Ϫ and the low plasma HCO 3 Ϫ concentrations in these water-breathing vertebrates (9), and thereby low HCO 3 Ϫ concentrations in the primary filtrate found in the proximal tubules, cellular substrate for HCO 3 Ϫ secretion must come from hydration of endogenous CO 2 in the tubular epithelium. This CO 2 hydration is mediated by carbonic anhydrase (4) concentrations can reach 200 mM (see above), representing a favorable gradient for excess Mg 2ϩ uptake, which leads to a demand for renal clearance of this divalent cation. Indeed, Mg 2ϩ is the single most concentrated electrolyte in marine teleost urine reaching levels in excess of 100 mM (note that teleosts excrete isoosmotic urine), a concentration which, clearly, is the result of tubular secretion (10). Kato et al. (7), who also recognize the importance of renal handling of this divalent ion and the mefugu model system, clearly are well positioned to identify the renal transporters involved.
